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The thermodynamic forces between hydroxypropylcellulose (HPC) molecules at close separation have been
measured using the osmotic stress method coupled with X-ray scattering. Two force regimes are apparent:
a very short ranged, temperature insensitive force that dominates interactions within the last 2.5 A separation
and a longer-ranged force that varies exponentially vs distance with a decay length of adoft The
longer-ranged force characteristics are strikingly similar to those found for many other macromolecules. We
have previously argued that these characteristics are due to a hydration or water structuring force. The amplitude
of the longer ranged force in these condensed arrays decreases linearly with temperature. The force switches
from repulsive to attractive at40 °C, about the same temperature at which HPC precipitates from dilute
solution. The entropy of the HPC condensed array, derived from the temperature dependence of the force,
also varies exponentially vs spacing with-a8A decay length. Measured forces are also surprisingly sensitive

to added salt. Salt acts by its exclusion from the HPC phase. The salt concentration gradient within the space
between polymers, inferred from the salt concentration dependence of the force curves, is itself apparently
exponential with the about same-38 A decay length as the force and entropy.

Introduction sufficiently ordered to allow measurement of the interaxial
spacing by X-ray scattering, then the outward osmotic stress of
the array is known as a function of distance.

These thermodynamic forces can be due either to direct
interactions between macromolecules, e.g., electrostatic, van der
Waals, or hydration forces, or to changes in the configurational
free energies of the macromolecule in the concentrated phase.
Because force is a spatial derivative of free energy and entropy
is the temperature derivative of free energy, the sensitivity of
these forces to temperature allows one to calculate entropy
versus separation. The dependence of the pressiistance
curves on the activities of other small molecules, for example,

ad\?\?euﬁ:% i)é?lvmgsglsured the forces between HPC pol merssalt, that can exchange between the PEG solution and macro-
poly molecular array gives the partitioning of these solutes between

at close distances. The thermodynamlcs. of concentrat_ed MACihe bulk solution and the condensed phase. Osmotic stress has
romolecular arrays can be examined using the osmotic stress

techniqué that precisely controls the chemical potentials of ﬁ:g:]/encgnzg\r/]v:éguIstc')sct)(le';?ér‘ldlssectlng the thermodynamics of
water and other small molecules that are in equilibrium with y Y )

the condensed phase. This measurement of changes in frecﬁ'?(':re%tl rgee?:ti’;ecrgigzg;ézea:r:r?;ﬁgxgr&% ]:;)i;i;itbrit\,\ilrieeg
energy of the macromolecular phase is not possible with the . poly y 9

gravimetric mixtures used to construct phase diagrams. In the'" the last 10 A of separation between surfaces, i.e., in the Bragg

osmotic stress experiment, a solution of a polymer that is spacing range between 10.9 A seen for dry HPC and 20 A.

excluded from condensed arrays of macromolecules, such asFor Bragg spacings between12.5 and 20 A, the distance

pol(ehyine gco) (PEG), i used o crate abaihing eservar (<2772 O 1 Eracton can be adeguetel decebed by
of known polymer osmotic pressure. The activities of all other xP o y length. . .
components in the polymer solution that can exchange with the of this force are qualitatively very similar to the interactions
condensed phase {H salt, and other small solutes) and seen between many other macromolecules, both charged and
temperature are held fixed. If the macromolecular array is uncharged, in water, as, for gx.ample, DNA, xanthan, §ch|zo-
phyllan, collagen, and many lipid bilayers (see, e.g., Leikin et

9 -
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Hydroxypropylcellulose (HPC) belongs to a class of single-
chain flexible polysaccharides whose water-solution properties
are industrially important and usefdlbut scientifically puz-
zling. Paradoxically, insoluble cellulose is made soluble by
adding nominally hydrophobic hydroxypropyl groups. At room-
temperature HPC dissolves to 40 wt % then forms a second
liquid-crystalline phase. Heated above about®’@) however,
even dilute HPC solutions precipitate to this same liquid-crystal
phase®~” The nature of the condensed liquid-crystalline phase
formed above 40C and the forces that create it have not been
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with increasing temperature. The force curves show a smooth CHy O-iPr-OH O-iPr-OH
variation from repulsion at low temperatures to attraction with
a transition temperature at40 °C for these condensed arrays 0 0
(at an estimated macromolecular concentration-800—500 0-iPr-OH ou
mg/mL). This temperature is just slightly below the cloud point \ /
temperature<{42 °C) for the precipitation of HPC from dilute ° o
solution (0.03 mg/mL). |~

Added salt lowers the cloud-point transition temperature even CHy-O-iPr-O-iPr-OH
though HPC is nominally uncharged. By monitoring the change Figure 1. Schematic representation of the chemical structure of
in bulk salt concentration as dry samples are hydrated, we find hydroxypropylcellulose. The average degree of substitution-3s
that salt is excluded from the HPC condensed phase. Salt ishydroxypropyl groups per glucose monomer.

acting indirectly on HPC precipitation through its exclusion. turbidity measurement. The HPC solutions, ranging in concen-
By analyzing the changes in osmotic stress force curves with tfration from 0.03 to 0.4 mg/mL, were placed in quartz cuvettes

salt concentration as excess, salt osmotic pressures, we car . . .
: S with path lengths varying between 1 and 10 mm, depending on
estimate the salt concentration in the condensed phase as a ; . .
function of HPC spacing concentration. Optical absorbance; at wavelengths varying
’ between 350 and 500 nm, depending on HPC concentration,

Materials and Methods were obtained using a Shimadzu UV-2101PC spectrophotometer

Sample Preparation and Equilibration. Hydroxypropyl- and were recorded as a function of the solution temperature

cellulose was purchased from Polysciences, Inc. The polymerduring slow heating and cooling cycles controlled using a
used had an average molecular weight of 60 000 and an averag@'o9rammable Neslab model RTE 111 refrigerated bath/

i ; lator. Temperature was monitored using a scanning ther-
of ~3 hydroxypropyl groups incorporated per glucose unit. It ¢! :
was used without further purification. HPC was dissolved in Mocouple thermometer (Cole-Parmer model 92800) equipped

10 mM TrisCl (pH 7.5), 4 mM EDTA at a concentration of with a quick-response Teflon PFA-insulated microprobe (Cole-
~2% (wiw) and then concentrated to a transparent, solid film Parmer E-08506-70) placed directly in a control cuvette filled

by slow dialysis in a Pierce Microdialysis System 500 cell with With water and mounted next to the HPC sample.
a 1000 MW cutoff membrane against a 40% (w/w) solution of Salt Partitioning. The partitioning of NaCl and water

poly(ethylene glycol) (MW~8000) in water. Five films {6 between bulk solution and a condensed. HEC .phase was
mm in diameter and 0-51 mm thick) were formed simulta- measured from the changes in the refractive indices of salt

neously and cut into small (¢ 2 mm) samples that were used solutions equilibrated against initially dry samples of HPC. Dry
for the force measurements. HPC was equilibrated against various weighta @ molal NaCl

The force-distance curves were measured using the osmotic solution at 45°C. The refractive index of the bathing solution
stress technique coupled with X-ray scattefiigolid samples ~ Was measured using an Abbe C-10 refractometer aC2efore
were equilibrated against excess solutions of 10 mM TrisCl (pH &nd after the equilibration of the sample. As a control, we
7.5), 2 mM EDTA, and poly(ethylene glycol) (8000 or 20 000 obs.e.rved. no change in the refractive index of pure water after
MW PEG from Fluka) at various temperatures. Some equilibrat- €auilibration with HPC at 45C; the dry polysaccharide does
ing solutions also included various concentrations of NaCl. The MOt contain any significant soluble components that could affect

comparatively large PEG molecules are excluded from the HPC the refractive index of the bathing solution. A change in the
films and compete osmotically for the available water. No refractive index after solvation of a dry sample indicates a
difference in force-distance curves was observed using 8000 €hange in the bathing solution salt concentration due to a
or 20000 MW PEG, confirming that these polymers are prefergnna}l exclusm_)n (ar_1 increase in the bat_hlng solution
excluded from the HPC pellets. The osmotic pressiie refractive index) or inclusion (o!ecrease) of salt in the macro-
contribution of the PEG in the bathing solution concentrates molecular sample compared with water.
the HPC phase in much the same way as a semipermeable pism?eesults
pushing on the polysaccharide solution with a mechanical
pressurdl. X-ray Scattering. The chemical structure of HPC is il-

To achieve osmotic pressures aboveé-2ayn/cn? (~200 lustrated in Figure 1. The average degree of substitution of
atm), salt-free samples were suspended above saturated saltydroxypropyl groups is~3 per saccharide. The hydroxyl
solutions (avoiding direct contact) in tightly sealed tubes and groups both of the glucose and of the hydroxypropy! group itself
were equilibrated against the water vapor in equilibrium with can be substituted. Figure 2a shows a typical pattern for the
the salt solution. The relative humidity of the vapor was varied low-angle X-ray scattering from a thick~0.5-1 mm) con-
using saturated solutions of different inorganic s&l&quivalent densed HPC film, equilibrated against 30% (w/w) PEG (8000
osmotic pressures were calculated from tabulated relative MW) in 10 mM TrisCl/2 mM EDTA (pH 7.5) at 20C (ITpec
humidities!3 = 7.36). We have not succeeded in forming arrays of sufficient

X-ray Scattering. For the X-ray scattering experiments, the order to allow indexing the unit cell from the higher order
samples after equilibration were sealed with a small amount of reflections and determining the polymer packing symmetry.
the equilibrating solution (or vapor) in specially designed X-ray Occasionally samples were well enough ordered to give oriented
cells described elsewhett.The cells were mounted into  scattering (two arcs) but still with no observable higher order
temperature-controlled holders, and Bragg reflections were scattering. The integrated radial intensity profile of the powder
measured using a fixed anode X-ray generator, cameras, angattern scattering is shown in the Figure 2b. The peak position
imaging system as described in Kuznetsova &t 8pacings in was determined by a quadratic fit to the peak after subtracting
the 10-20 A region can be determined with an accuracy of the contribution from a constant background (a straight line after
0.2-0.4 A. radial integration).

Cloud Point Measurements.The precipitation temperature Figure 3 shows the dependence of the average Bragg spacing,
(cloud point) of dilute HPC solutions was determined by optical Dg;, between HPC molecules on the osmotic presdiiret 10
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A. Samples still remain phase separated from the PEG (8000
MW) solution, however, down to lo@l) ~6.5. At even lower
osmotic pressures, the samples completely dissolve into the PEG
solution.

The osmotic pressure applied by PEG solution concentrates
the HPC phase acting against a repulsive intermolecular force
that can be due either to soft potential interactions between
molecules or to changes in configurational entropy as the
molecules are condensed. We assume that the X-ray diffraction
peaks give Bragg spacings of crystalline (translationally ordered)
structures. Then, if the molecular packing symmetry that relates

(a)

=
£ 16000 Bragg spacings to intermolecular distandeg and to volumes
E 12000 is known, the free energy of concentrating the HPC phase can
E be calculated from the osmotic pressure. Although we do not
& 8000 know the symmetry, the factor that conne@s; to Dy is
B typically close to unity for parallel polymers. For example, this
g, 4000 factor is 24/3 (~1.155) for the commonly observed hexagonal
.‘E packing of polymer chain¥ We have assumed that Bragg

0 spacings are reasonably close estimates of intermolecular

00 02 04 06 08 ) X
distances. If we further assume that the volume/chain scales as

-1

q A Dg/?, i.e., that the distance between all neighboring rods changes
Figure 2. (a) Typical X-ray scattering pattern of condensed HPC in proportion, then the data shown in Figure 3 can be used to
equilibrated against 30% PEG-8000 MW) in 10 mM TrisCl (pH estimate the changes in free energy as HPC chains are brought
7.5), 2 mM EDTA and at 20C. The radially integrated scattering  c|oser together.
intensity is shown in (b) as a function of the wave vedor (47/4)- - P
sin@®/2), wherel is the wavelength of Cu & X-rays and»/2 is the ; Tr('f tther;nodynamlc f?r:ce fshc|>wnh|n FI%UI’E d3' alppears to show
scattering angle. wo distinct regimes, with a fairly sharp bend in ®b(versus

Dg, data atDg; ~12.5 A. At 10% relative humidity (logQ) =

10.0 ‘ ‘ , ‘ 9.5), the Bragg spacing is 10.9 A, which we take as the limiting
spacing for HPC. Thermodynamic force curves are often
o5 : ! analyzed as a power law, assuming that the change in
configurational entropy dominates polymer interactions as
00 macromolecules are concentrated. The dashed line in Figure 3
’ is the fit of the data to the functional form
=
3 8.5 o= C : (1)
s (Dg; — Do)
E sgof
& where the spacing of the dry HPO,, is assumed to be the
75 limiting spacing of 10.9 A. The best fitting parameters (with a
coefficient of determinatiorr?, of 0.945) are:c = (1.24 0.2)
0l x 10 andn = 1.044 0.08. The fit for this functional form is
’ sensitive to the choice d,. A somewhat better fitrf = 0.982)
is obtained foDy = 10.8 A with fitting parameters = (1.7 +
6.5 ‘ ‘ ) ‘ 0.1) x 10° andn = 1.35+ 0.06. Considering only hard shell
12 14 16 18 20 . : . .
_ configurational entropy of the chains (no soft potentials), the
Bragg spacing, A exponentn is expected to vary between 2 and 3 for flexible,

Figure 3. Osmotic pressure of PEG in bathing solution plotted against closely packed linear polymet&!8
the interaxial Bragg spacing characterizing the separation of polymers  Because exponentially varying forces have been observed

in the HPC condensed phase at°lll The circle @) and squarel) with many macromolecular arrays, we also fit the data (solid

symbols represent HPC films equilibrated against bathing PEG solutions . = . . f ;
or against vapor pressures of saturated salt solutions, respectively.IIne in Figure 3) by a double exponential function of the form

Essentially dry HPC (equilibrated against 10% relative humidity) gives _
a Bragg spacing of 10.9 A. Each point represents the equilibrium IT=Aexp (_(DBr o DO)/;Ll) +Bexp (_(DBr - Do)/lz) 2)

spacing at which the osmotic pressure is balanced by the repulsive force

between HPC molecules. This thermodynamic force includes contribu- Do, the “dry” Bragg spacing, is again taken as 10.9 A. For this

tions from both direct interactions and configurational entropy. The functional form, the choice oby determines only the magni-

QOtted line shovys a power law fit to the.force curve, whereas the solid tydes of the force amplitudes, A and B, but has no effect on

line s_hows_ the fit to a double exponential function. Fitting parameters the quality of the fit itself. The best fitting parameters to the

are given in the text. data (2 = 0.997) are: A= (2.5+ 0.2) x 1®° ergs/cni; B =
(7.3+ 1.0) x 10 ergs/cnd; 21 = 0.28=+ 0.01 A; andi, = 4.0

°C. HPC films were equilibrated against bathing PEG solutions + 0.3 A. The longer rangeth ~ 4 A decay length exponential

for the low-pressure data and against the vapor pressure ofis very similar to the force curves observed for many other

saturated salt solutions for the high-pressure data. The twomacromolecule$.

methods overlap at lol) ~8.2. For Bragg spacings larger than Force Curves; Effect of Temperature. Pressure-distance

~15—-16 A, the powder pattern scattering becomes increasingly curves measured betweerfG and 60°C are shown in Figure

diffuse and completely disappears at I[Ay(< 6.9 orDg, ~20 4. These results clearly indicate that the observed curves are
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Figure 4. HPC force curves for nine temperatures ranging from 5 to Figure 5. Amplitude of the longer ranged exponenti&(T), as a

50 °C. All curves appear to converge at high stresses [I9gfreater function of temperature. The square symb@3 ¢how the amplitudes
than about 8) to a temperature insensitive force. The amplitude of the and standard errors calculated from fits to a double exponential function
force at lower stresses decreases significantly with increasing temper-(eq 2) allowing the amplitudes and decay lengths of both the longer
ature. Double exponential fits (eq 2) are shown for the force curves at ranged and shorter ranged force to vary. The cir@9show the longer

10, 28, 35, and 50C. Only the amplitude of the longer ranged force, ranged force amplitudes and standard errors from fits to a double
B(T), was allowed to vary in these fits; the values of the shorter ranged exponential function allowing onlB(T) to vary (A, 11, and4; are held
force amplitude (log(A)= 9.51) and decay lengtti{= 0.27 A) and fixed). The diamonds4) show B(T) estimated from the equilibrium
the longer ranged force decay lengity & 3.8 A) were fixed, as  spacings with no applied PEG stress at temperatures abd0&'C,
described in the text. The temperature dependence of the equilibriumassuming a balance of the repulsive shorter ranged and attractive longer
spacingDgree= (with no applied PEG stress) is shown in the figure ranged exponential forces (eq 3). Again, oBf) is allowed to vary.
inset. Even though the shorter-ranged force is insensitive to temperature,The longer ranged force amplitude varies approximately linearly with
HPC polymers continue to move closer in the absence of PEG as thetemperature. The linear fit including all estimates of the longer ranged
temperature is increased from 45 to 0. The amplitude of the  force amplitude gives(T) = (9.81+ 0.25)x 107 — (2.42+ 0.06) x
attractive force must continue to increase over this temperature range.1® T. The transition from repulsive to net attractive force occurs at

40.5+ 0.5°C.
indeed the sum of at least two distinct forces with different 0.14
characteristic lengths. Under high osmotic stress [IDgf 8),
the data at the different temperatures converge to a common 0.12
curve. At lower stresses, the spacing at a fixed pressure depends
strongly on temperature. Repulsion weakens as the temperature 0.10
is increased. Above-40 °C, the longer-ranged force is net
attractive. HPC arrays remain condensed, with a measurable £ g |
Bragg spacing, without any applied PEG osmotic pressure. An g
increase in the magnitude of the attractive force between HPC ‘g 0.06
molecules for temperatures above 4D can be inferred from <
the decrease in Bragg spacing with no applied PEG osmotic 004l
stress,Dgr, as temperature increases (Figure 4 inset). This ‘
attraction is taken to work against the shorter-ranged temper- 002 |
ature-independent repulsion. '
Although the data are not sufficiently precise to resolve o
unambiguously the functional forms of the underlying attractive OO0
and repulsive component forces, the force data sets at 5, 10, 36 37 38 39 40 41 42 43 44 45 46 47 48
20, and 35°C cover a sufficiently wide range of separations Temperature, °C

SL_JCh that fits to the doul_ole exponentlal_ function (eq 2) used in Figure 6. Change in optical absorbance (turbidity) at 350 nm for the
Figure 3 are well determined. The amplitudes and decay lengthss|ow (0.025°C/min) heating (solid line) and cooling (dotted line) of a
of both the short-ranged and long-ranged forces were alloweddilute HPC solution (0.003%, 3@g/mL). At this heating rate, the

to vary, and @ again was taken as 10.9 A. The average clouding transition is insensitive to HPC concentration at least to 0.3%.
amplitude A, and decay lengthi, of the shorter-ranged force  The precipitation of HPC from dilute solution occurs at an approximate
over this temperature range are (£8.7) x 10° ergs/cri and temperature only 42 °C higher than seen for the transition between
_ ; . e repulsive and attractive forces in very concentrated HPC condensed
= 0.26+ 0.03 A, respectively. A single exponential fit of the arrays (500 mg/mL)

common, shorter ranged force using only the high-pressure (log- '

(IT) > 8.0) data collected at all temperatures gives closely 4.0+ 0.3, 3.6+ 0.5, and 4.2+ 0.8 A, respectively, at 5, 10,
similar parameters, with an amplitude= (3.2 4+ 0.7) x 10° 20, and 35°C. Both decay lengths appear to be insensitive to
erg/cn? and a decay length; = 0.27 4+ 0.02 A. The best-fit temperature, at least over this°2@nge. In contrast, the best
decay lengths of the longer ranged foréde, were 3.8+ 0.4, fitting amplitudes of the longer ranged force depend strongly
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on temperature, varying from (948 2.5) x 107 erg/cn? at 5 ' '
°C to (0.84 0.2) 10 erg/cn? at 35°C. 12 ° (@

The data over the entire temperature range can be well
described by a double exponential function by varying only the L0
temperature-dependent amplitude of the longer-ranged force,
B(T), while assuming constant (temperature independent) values
for the shorter ranged force amplitudé € 3.2 x 10°), and
decay length 44 = 0.27 A) and for the longer ranged force
decay length/A, = 3.8 A). The solid lines in Figure 4 show fits
to the data at 10, 28, 35, and 8C.

Figure 5 shows several estimates of the longer ranged force
amplitude B(T), as a function of temperature. Amplitudes from
double exponential fits to the-535 °C data sets, allowing all
four parameters, A, B(T)1, and4,, to vary, are shown by the . . ‘ ‘
squares. Longer ranged force amplitudes from double expo- 00 12 14 16 18 20
nential fits to the data sets at all temperatures with fixed values
of A, 11, and 1, are shown by the circles. Additionally, the Dpruge
attractive amplitude of the longer-ranged forB¢T), can also
be estimated from the Bragg spacinggr, observed in the ' ' ‘ ‘
absence of PEG stress at temperatures ab@Mx°C (Figure 4 ~
inset). The diamonds in Figure 5 show these amplitudes N
calculated assuming a balance of the two exponential forces at
the equilibrium distance,

0.8 -

0.6 -

log(AS/k), /10 A

0.4

02

®

exp(—(Dg, — Dg)/Ay)
B(T) =A
exp(—(Dg,—Dg)/4,)

3

—
T

using the values for A};, andA, given above. The particular
choice ofDg affects the calculation dB(T) only as a scaling
factor.

The striking feature of the plot in Figure 5 is the ap-
proximately linear dependence of force amplitude on temper- 12 14 16 18 20
ature. With increasing temperature, this force component
changes from repulsive to attractive with a transition temperature A
at ~40.5°C. Figure 7. (a) Change in entropy per 10 A length (approximately a

Self-Assembly from Dilute Solution. The transition from disaccharide repeat distance) of the HPC phase as a function of the
net repulsion to attraction seen in condensed arrays of HPC isBragg spacing. Entropy changes were calculated in two ways as
also apparent in the precipitation of HPC from dilute solution described in the appendix. The solid line shows the entropy calculated

S . . . _(eq A8) from the temperature dependence of the longer ranged force
with increasing temperature. Figure 6 shows the optical absor amplitude,B(T). The points show entropy changes calculated directly

bance .(turb'd'ty) at 350 nm of a 0.03 mg/mL HPC,SOM'On aS from the data at four temperatures using a Maxwell relation (eq A4)

a function of temperature for slow heating and cooling@(025 that relates the sensitivity of the Bragg spacing to temperature at

°C/min). constant PEG osmotic pressure to a change in entropy with PEG stress
The onset of aggregation between 40 and@ZXeen by the at constant temperature. The entropy itself appears to depend expo-

rapld |ncrease |n absorbance agrees W|th the Observanons Of’]entlally on diStance W|th about the same deCay Iength a$ the force.

otherd~7 who used HPC with similar degrees of substitution. () The changes, expressed per 10 A of polymer length, in entropy,

The inflection_point is independent of hea}ting rate between 0.025 fhnéhHa:fé’ gﬁgsfer?iﬁgig)é itnze?é; r\,?,:: %\;\'Ir;msattgs ngni—%th@g'&g of
and 0.1°C/min and of HPC concentration between 0.03 and (eq A5), integrating the double-exponential fit. The entropy was
0.4 mg/mL. Heating rates faster than about@&min do show calculated from the temperature derivative of the free energy as in (a).
a delay in the onset of the aggregation, suggesting that theThe enthalpy was calculated frotH/kT = AG/KT + ASKk. The entropy
heating curve is affected by reaction kinetics. The rate- and enthalpy are both much larger than the free energy. This
independent cooling curve represents either equilibrium or “compensation” has sometimes been attributed to changes in solvation.
spinodal conditions. Even though a small hysteresis in turbidity
is apparent, it is clear that the self-assembly of HPC from dilute be extracted from the temperature dependence of the free energy.
solution and the transition from net repulsion to attraction in In practice, the entropy can be determined either from the
condensed arrays occur at about the same temperature. temperature dependence of the double exponential fit to the data
Thermodynamic Analysis. We can use the measured tem- (eq A8 of the appendix) or directly from the change in Bragg
perature-dependedi-Dg, curves in Figure 4 to extract ther-  spacing with temperature at constant PEG stress using Maxwell
modynamic potentials of the condensed HPC phase. With therelations as described in Leikin et %land eq A4 of the
reservation that the specific packing geometry and chain appendix).
conformation are not precisely known, the volume of the water/  Figure 7a shows the entropy change associated with HPC
disaccharide unit in this phase can be estimated from the Braggdehydration as a function of Bragg spacing. The entropies
spacing. The resultingI-V curves can be integrated to give a calculated both directly from the data and from the temperature
packing free energy change as a function of spacing (eq A5 of dependence of the double exponential fits are closely similar.
the appendix). The entropy and, consequently, the enthalpy canEntropy increases as the HPC phase is concentrated. The entropy

AG/KT, AH/KT, AS/k (/10 A)

03 R

D

Bragg®
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0 —————7— TABLE 1: Salt Preferentially Excluded from the Condensed
HPC Phasé

° 20°C | g (2m NaCl)/g (dry HPC) An [NaClfina, m

91 0 M NaCl . 2.0 0.002+ 0.0005  2.22+0.06
05M 15 0.004+ 0.0005  2.44+0.06

éﬁ 1 1.0 0.0065+ 0.0005 2.72+ 0.06

°
N

sl ﬁ | aDry HPC was hydrated in 2 molal NaCl at 46 at three weight
ratios. HPC only swells to a Bragg spacing-ei2.4 A under these
| conditions. The final concentrations of NaCl in the supernatants were
vA B o determined from their refractive indiceAn is the difference between
7L ° the refractive index after equilibration and of the initial 2 molal NaCl

v A L | ® solution. The refractive index difference betwmezm NaCl and water

] is 0.018. Refractive indices of these salt solutions vary linearly with

v “‘A concentration. As a control experiment, dry HPC was hydrated with
v water at 45°C. No change in the refractive index was observed after
equilibration, showing that no soluble components are present in the
v l dry HPC that would affect the refractive index measurements.

4rmeo

log(I1, ergs/cm3)
[ ]

bt e hydrating dry HPC. The observed increase in the refractive index
10 12 14 16 18 2 indicates an increase in NaCl concentration in the bathing
Dy pge A solution. Salt is excluded from the condensed HPC sample that
Figure 8. HPC force curves at 20C for different concentrations of ~ Preferentially takes up water as it swells. As expected in this
NaCl (indicated in the figure). At a constant PEG stress, HPC molecules case, the change in the refractive index is approximately linear
move closer as the salt concentration is increased. HPC will spontane-with increasing sample/solution ratio. The effect is significant.
ously precipitate at-20 °C from dilute solution 2 M NaCl. At a 1:1 sample/solution weight ratio, the concentration of salt
in the bathing solution increases approximately 35%. Because
varies approximately exponentially with about the same 4 A \ye do not have an accurate measure of the total amount of water
decay Iength as seen in the force curves themselves. Figure 7Qaken up by the Samp|e5, however, this measurement is 0n|y
shows the variation of free energy, enthalpy, and entropy with gualitative. If we assume a change in Bragg spacing from 10.9
Degr at 20°C. The change in Gibbs free energy is significantly to 12.5 A with hydration at 48C in 2 M NaCl, a molecular
smaller than changes in both the entropy and enthalpy thatweight of an hydroxypropy! glucose unit as 350daa 5 A
almost exactly cancel each other. Similar compensation betweenrepeat spacing per glucose unit along the polymer axis, then

enthalpy and entropy has been observed previously with'Mn e can crudely estimate that the salt concentration within the
condensed DN and has often been associated with changes ¢ondensed HPC phase 0.5 M.

in hydration accompanying reactions or conformational If we assume that the effect of excluded salt is purely osmotic,

changeg®2! o .
. the partitioning of salt can be quantitated from the dependence
Effect of Salt. Despite the absence of charged groups on HPC of the TI-Dg, curves on salt concentration. Specifically, we

(?;(ceptch))rCsc.)me mfrequeg OX|d%t|oir11 p\;{r{ggucts), salt strzo(l;gly assume that NaCl does not directly affect interaction, structure,
aftects Interactions. Figure 8 sho Br curves at or conformation of HPC molecules. The only effect of NaCl

Cin 0 0.5, 1, ad 2 M NaCl. The apparent r_nag_nltude of the en is that the total osmotic stress on the sample is the sum of
repulsion decreases as the salt concentration increases. HP e PEG and the excluded salt contributions, not just the PEG
prfﬁ'p':ates frg\d 2d I\/lljé\l(gCI .S().:UIIC;nStﬁ.t r‘oolrp tempi?ra;furet stress as plotted in Figure 8. The PEG stress is defined as the
th) ou ;?y adde o » Simiiar 1o c el\l' sa 'Zg\;\(l)u h eg)zaec h osmotic pressure of a PEG-salt solution relative to the reference
observed for many proteins (see, €.g., Collins and Washabaug solution with the same salt activity. The extra salt osmotic

anlgl Caca_lce fttﬁﬂ' d . iderati this d d pressure,Allnaci, IS then the difference in PEG osmotic
rom simple thermodynamic considerations, this depen enCepressures needed to attain the same Bragg spacing in the

of force on salt necessarily means a significant change in the
salt concentration within the condensed phase as the Hpcpresence and absence of salt,
molecules move closer together (see appendix). We cannot
determine from these datag, howeE/er, Wﬁgther t)here is a net Alnac(Der[NaCl]) = HpeDg;,0) — Iped Dy, ,[NaCl])
inclusion or exclusion of salt from the macromolecular phase (4)
compared with the bulk solution. Both can account for the
apparent weaker repulsion. Included salt may act through a directThis extra pressure cannot exceed the osmotic pressure of the
effect on intermolecular interactions, e.g., screening of the corresponding salt solution relative to pure walkfax. Because
electrostatic interactions between hydroxyl dipoles. Excluded the osmotic pressure of NaCl varies approximately linearly with
salt applies its own osmotic stress, acting on the HPC phase insalt concentration over the range investigated, the ratio of the
addition to that of the excluded PEG. Exclusion of salt or, Measured excess pressure to the maximum possible salt pressure,
equivalently, “preferential hydratiofof the HPC phase would ~ AIl/IImay reflects the excluded fraction of salt.
result if the salt was simply too large to enter the confined spaces The excess pressure ratio is plotted in Figure 9 vs the Bragg
within the HPC array or if direct salt-HPC interactions were spacing for several salt concentrations and temperatures. The
unfavorable. normalized, excluded salt osmotic stress itself is surprisingly
To distinguish salt inclusion from exclusion, we have solvated independent of the salt concentration and temperature and
dry HPC in salt solutions at 45C and monitored the resulting  appears to vary exponentially with4 A decay length. The salt
changes in salt concentration of the bathing solution using exclusion is essentially completAll/ITyax ~ 1) atDg, ~ 12
refractive index measurements. Table 1 shows the differencesA; while at 20 A spacing only~10% of the salt seems to be
in the refractive indices of the bathing solution before and after excluded.
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Figure 9. Apparent excess osmotic pressure from excluded salt acting Figure 10. Comparison of the force curve measured here for HPC at
on the HPC phase as a function of the Bragg spacing. The excess10 °C to the force curves previously measured for xanthan, schizo-
pressure due to salt exclusion is calculated as the difference betweerphyllan, DNA, and didodecyl phosphate (DDP) bilayers. Interaxial
total pressure needed for the observed Bragg spacing without addedspacings have been recalculated as distances between macromolecular
salt and the PEG pressure with added salt, as described in the text (eGurfaces. Xanthan, a bacterial polysaccharide, DNA, and DDP are
4) and in the appendix. The excess salt stress is normalized by thecharged; forces were measured in 0.4 M NaCl af@0for xanthan

total osmotic pressure of the salt solution. This pressure is the maximaland DNA and in 0.5 M TMACI at 20°C for DDP bilayers.
stress the salt solution can apply, corresponding to complete exclusion.Schizophyllan, a fungal polysaccharide, and HPC are uncharged. The
The different symbols represent different salt concentrations and schizophyllan force curve was measured in in 1 mM TrisCl buffer at
temperatures as indicated in the figure. The exclusion of salt from HPC 20 °C. Although the force amplitude varies by almost 2 orders of
can be adequately described by an exponential function, as shown bymagnitude between DDP bilayers and schizophyllan, the forces in all
the dashed line. The apparent exponential decay leng#8(+ 0.5 these systems appear to vary exponentially with surface separation with
A) is very similar to that for the force between HPC molecules. a common 3-4 A decay length.

indicates that the amplitude of this attraction continues to
increase even up to 7CC.

Forces that May Contribute to the Measured Net Interac-

Forces that Affect HPC Self-Assembly.Intermolecular oy Besides the hard shell steric repulsive forces associated
forces appear to dominate HPC self-assembly; changes inyith reduced configurational entropy at close spacings, a number
configurational entropy have surprisingly little or no effect. The o other forces can contribute to the net interaction seen in
traditional starting point_for_theories _of self-assembly or Figures 3 and 4. These include: direct hydrogen bonding of
macromolecular compaction is to consider a balance of soft polysaccharide hydroxyls; dipolar interactions; van der Waals
potential, attractive forces between polymers and the configu- forces; and hydration/solvation interactions, the energies as-
rational entropy of the polymer. This approach typically predicts gqciated with removing solvent organized around polar or
that higher temperatures favor the dissociated or open state thahonpolar groups. Steric interactions are purely repulsive. Direct
maximizes the entropy of the macromolecule. The assembly of hydrogen bonding, van der Waals forces between like objects,
hydroxypropylcellulose, however, does not fit within this simple g4 hydrophobic (hydration) interactions between nonpolar
framework. The temperature dependence of the measured forcesesjques are purely attractive. Dipolar interactions have attractive
indicates that the entropy of the whole condensed phase(dipole—dipole) and repulsive (dipoleimage) components.
decreasess HPC molecules move apart, at least out to a Bragg Hygration interactions between polar residues can be either

separation of- 20 A. From the sign of the entropy alone, we  repulsive or attractive, depending on the complementarity of
conclude that the measured force at spacings larger than abouhe syrface8.

12.5 A cannot be due to steric, hard shell interactions associated A remarkable feature of the measured HPC ferdistance
with configurational freedom and motions of the polymer that cyrves is their close similarity to the curves observed for many
would result inincreasingentropy as the polymers move apart. - other, very different macromolecular systems. In Figure 10, the
Furthermore, the intermolecular force measured in the very longer range force for HPC at 2C is compared with the force
concentrated, condensed phase changes its sign from repulsioourves for the polysaccharides schizophyllan and xarthtam,
to attraction very close to the temperature at which polymer DNA,26-28 and for didodecyl phosphate (DPP) bilay&t3he
precipitation occurs from very dilute solutior40 vs~42°C). striking similarity of forces between surfaces that can be highly
This is even stronger evidence that the phase behavior ischarged (xanthan, DNA, and DDP) or completely uncharged
dominated by nonsteric, soft potential interactions with surpris- (HPC and schizophyllan) suggests a common origin for the
ingly little contribution from traditional configurational entropy. ~3—4 A decay length exponential repulsion.
It is the change in force with temperature between molecules We have argued previously that these forces reflect the
that drives the self-assembly even from dilute solution. The energetic cost of removing water organized around polar groups
continued decrease in the Bragg spacing with no applied PEGon molecular surfaces. The theoretical frameworks for “hydra-
stress as the temperature increases ab@dC (Figure 4 inset) tion/solvation forces” are still primitiv@23.36-32 These interac-

Discussion
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tions are postulated to reflect the changes in water structuring Because different ions structure water differently, one obvious
between macromolecular surfaces as they approach. Thestrategy for further probing the interaction of salt with the HPC

amplitude of the force depends both on the interaction “strength”
of water with a surface and on the mutual structuring of water
on apposing surfaces. The 4 A decay length is tentatively
associated with the length scale for waterater interactions.
This length is consistent, for example, with the correlation length
of density fluctuations in water estimated from X-ray diffrac-
tion.33 It should be noted, however, that there is little evidence
directly connecting water structuring and foréed* The
consistency and the similarity of the forces in the different

surface is to correlate the magnitude of the effect with the nature
of the salt species, for example, within the Hofmeister series.
Indeed, the cloud point temperature for the precipitation of HPC
from dilute solution depends not only on salt concentration but
also on salt speci¢d. At the same salt concentration, the
transition temperature is significantly lower with NaF or KF
than with NaCl or KCI, which in turn is more effective than
either KBr or KSCN. The observation of hydration forces acting
between salts and HPC would provide a direct link between

systems could be simply coincidental. There is, as yet, no broadHofmeister effects and water structuring, elucidating the mech-
agreement among different authors on the interpretation of theanism of protein salting ot and the general phenomenon of

observed forces (see, for example, recent revietfs

The much shorter ranged, temperature insensitive force that

also seems to vary exponentially over the B of separation

preferential hydration of macromolecular surfaées.

Attractive Force; Possible Origins of the Entropy. We do
not know which groups on HPC are responsible for the attraction

but with a decay length of about 0.25 A could certainly be due between polymers. The stereospecific arrangement of hydroxy!
to hard-shell steric interactions between hydroxypropyl groups. groups on cellulose itself underlies the extensive H-bond
Similar, very short decay length forces have been observed withnetwork between polymers in the fiber. Changing either the type

lipid bilayers and attributed to steric interactions between
headgroupd’-38Much shorter decay lengths, however, are also
predicted for the hydration force equivalent of electrostatic

of sugar or the linkage between them weakens or destroys this
complementarity. It is possible that favorable H-bonding
interactions between OH groups on hydroxypropyl-modified

image charge repulsiof:3® Decay lengths much shorter than cellulose (either direct or mediated by water) are similarly
the commonly observed- A have been observed in a number responsible for the assembly of HPC. Alternatively, it is also
of systems at very close spacings and seem attributable to gpossible that assembly is due to attractive hydrophobic interac-
residual image charge class of interacti®f%The energetic tions between the propyl groups and that solvated hydroxyl
cost of removing the last few water molecules from between groups resist compaction. Increased hydrophobic substitution
HPC molecules could well be very different from the predictions of cellulose does typically result in lower cloud point transition
of mean-field hydration force theories and is another factor that temperatured.The physics behind the “hydrophobic bond” is
should be considered. not well understood. It is thought that the release of water
Interactions with Salt. The effect of salt on forces between ~Structured around nonpolar groups is an important contributor
HPC molecules seen in Figure 8 is quite remarkable and {0 the energetics of the hydrophobic bond formation. A
unexpected for an uncharged polymer. The change between 0.5lominating hydrophobic effect is also consistent with strong
and 2 M NaCl is far more dramatic for uncharged HPC than exclusion of salt from HPC. Salt is known to lower the solubility
for very highly charged DN/&82741Salt concentration insensi-  ©f honpolar molecule$;
tive hydration forces appear to overwhelm the electrostatic  Qualitatively similar, temperature dependent exponential force
repulsion between DNA helices at high pressures and closecurves have been measured for ¥rDNA946 and for
spacings. Even at lower pressures and greater spacings, the effeeollagen}?#’both of which also show increased attraction and
of salt on DNA forces is most pronounced at salt concentrations assembly with increased temperature. For all three systems,
less than~0.5 M. The experiments hydrating dry HPC samples condensed array forces show a balance between an apparent
in salt solutions (Table 1) show that salt is excluded from the short-ranged (small decay length) exponential repulsion and a
polysaccharide phase and, therefore, applies its own osmoticlonger ranged force that also seems to be exponential. For all
stress on the condensed HPC phase. This is equivalent tothree, the amplitude of the short-ranged repulsion is temperature
depletion forces that have been observed in colloidal sys- insensitive, whereas the longer-ranged force becomes more
tems?243 The excess salt pressure (Figure 9) varies ap- attractive with increasing temperatures. For both HPC and
proximately linearly with salt concentration and exponentially Mn?"—DNA, there is a clear transition from a net long-range
with Bragg spacing with a decay length that is about the same repulsion to a net attraction at some critical temperature. For
for as the intermolecular force. all three systems, equilibrium spacings between spontaneously
Although we cannot discount completely that salt exclusion @Ssémbled macromolecules without applied osmotic stress
is simply a size effect, the similarity between the distance decrease as the temperature is raised. Figure 5_ suggests that for
dependence of the extra osmotic stress due to excluded salt anffiPC there is only one longer range exponential force whose
the long-ranged force between HPC molecules, in particular, €Mperature dependent amplitude gradually changes from repul-
and between many macromolecules, in general, suggests thaflon (0 attraction with increasing temperature.
hydration forces dominate the interaction of salt with HPC. In ~ The temperature dependence of the force curves can be
the same way that the structuring of water on one macromol- transformed directly into an entropy change with varying
ecule can perturb the water structuring of an apposing macro-Separation between the surfaces, as briefly discussed in the
molecular surface creating repulsive forces, small solutes canappendix and in Leikin et &P The entropy vs Bragg spacing
also interact with macromolecules through perturbations in curves obtained by two different methods for HPC are shown
hydration. In this case, however, repulsive interactions mean in Figure 7a. The apparent4 A decay length exponential is
an exclusion of salt from the macromolecular surface. An remarkably similar to the entropy vs separation curve found
exclusion of NaCl from the HPC phase through hydration forces for Mn?*—DNA assembly:?
would indicate that the water structuring around these ions is Two classes of theories have been proposed to account for
less compatible with the water organization near the polysac- the connection between the entropy and attractive forces. In one
charide surface than in the bulk solution. model, the entropy would result from the increased freedom of
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groups on the HPC surfaé&With isolated surfaces, the freedom  volume of HPC and water per disaccharide unit of lengthl@
of motion is determined by widths of local energy minima. If A) is

the local minimum is not optimal for an attractive interaction

between groups on apposing surfaces, then the surface rear- V=Vypct V(T I ) = IDBr2 (A1)
rangement that minimizes free energy must necessarily also

increase the range of motion of groups on the surface. In Or

essence, the width of the energy minimum restricting motion
increases due to the attraction between groups.

Alternatively, the increased entropy accompanying the as-
sembly of HPC could come from the increased freedom of water
released from around HPC. It is postulated that the water
organized either around nonpolar moieties (the hydrophobic
effect) or around polar residues of HPC is more structured and
has lower entropy than water in the bulk solution. No enhanced
motion of surface groups or surface waters must be presumed.

dV = dV,(T, I,;,) = 20 1D, dDg, (A2)

The factora. depends on the packing symmetry. For simplicity
we takea = 1, not very different from the 2/3 factor that it
would be if HPC packing were to have hexagonal symmetry.
BecauseG(T, Iysp) is a state function, it is possible to use
a Maxwell cross relation to compute the changeSimwith
osmotic stress from the observed chang¥jiwith temperature

Since the net force may reflect a balance between attractive 39S oV 21D..9D

. . . . w BrY™~Br
hydrophobic interactions and repulsive hydration forces between oI =~ o7 - B — (A3)
hydrophilic groups, a difference in the temperature sensitivity osmiT Hosm Hosm

of structuring water around hydrophobic and hydrophilic groups
can also result in temperature-dependent forces. The entropy change can be calculated from the measured
These possibilities are, of course, not mutually exclusive; both d&pendence 0fDg/dT)[n 0N Mosm

may contribute to the observed temperature dependence and the

0S 2|DBraDBr
entropy change. Yet other models may eventually prove AS= drl.. ~ f - = =
preferable. We can measure the total entropy vs distance Mgl " aT
between the molecules as shown in Figure 7a, but we cannot
distinguish different contributions experimentally. Direct ex- A more detailed discussion is given in Leikin et'al.
perimental probes of side chain and backbone motions and of Alternatively, since the free energy can be straightforwardly
water ordering as dependent on spacing are needed to complecalculated as &losm — Vi work of dehydrating HPC fronDg,
ment the entropy measurements. = o to D,

dll,, (A4)

osm

Concluding Remarks AGypd®—D) == [> Mye(Dg, T AV,  (A5)

We are now seeing a remarkable coincidence of measured .
forces that depend exponentially on distance with a characteristict® €ntropy change can be determined from the temperature
3—4 A decay length. With the HPC data, this force has now derivative of the free energy change at constant hydrostatic
been measured between nonpolar polymers as well as betweeR€SSU'e,
highly polar, even charged macromolecules. Furthermore, the IAG 5
dependence of entropy on intermolecular spacing extracted fromAS= — HPC _ 0 j;oD I, (Dg,T) dV,, ~
temperature dependent force curves measured for self-as- T T 5
sembling HPC polymers is similar not only to the force 2 . (Do T2ID. dD.. (A6
dependence but also to the entreplistance dependence 3T‘[’° osn{Dor: 1)2IDg dDs; (A6)
g':lisﬁﬁii ;‘cs).r gixgl?)// d;g:fg;:ig;if:gggg;g f’ g Ztgﬁmg the We can use the double exponential function fitted to the data
interaction of salt with HPC. A hydration force still seems the for Tosn(Der T),
most reasonable explanation for these recurring observations
on quite disparate systems. The results specifically suggest a

close connection between the interactions of hydrophilic surfaces : .
and the hydrophobic bond. Perhaps these force measurementts0 evaluate the entropy change in dehydrating HPC fiogn

Hosm(DBrvT) = Aei(DBﬁDD)Ml + B(T)e*(DBr*Do)//lz (A7)

on HPC and future measurements on other polymers and= @D,
surfaces, both closely related in structure and composition and dB(T) oo
of considerably different chemistry, will begin to link these two A0 — D) = _2|T/12(/12 +D)e V2 (Ag)

forces that are so critical to understanding the structure and
interactions of molecules in aqueous solution, particularly in The double exponential fit can also be used to calculate the

biochemistry and biology. free energy change from eq A5. The enthalpy change of
dehydration is then
Appendix
Thermodynamics of Hydroxypropylcellulose Hydration. AH=AG+TAS (A9)
(1.) Temperature- Entropy.The change in work done on HPC (2) Salt Exclusion- ITe,c There are several ways to approach
to bring it from one degree of hydration to another under a the problem of the additional osmotic stress exerted by excluded
change in osmotic stress or a change in temperature is salt in addition to that of the stressing polymer, typically PEG.
One of the simplest is to model the action of PEG as a piston
dG(T, Hogn) = — (T, Mgy dT + Vi (T, ) Al applying a pressurélpec on a semipermeable membrane that

separates the HPC phase from a reference salt solution, as was
In fact, the measurement of the voluMg(T, I1ysm) Of water is developed in Leikin et &P This separation assumes that the
through the measured Bragg spacibg(T, ITosm) where the salt does not affect significantly the contribution of PEG to the
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osmotic pressure. Because the osmotic pressures of NaCl and
PEG are approximately additive over the range of concentration
used, we assume this condition is satisfied. If the HPC phase
containsNs andN,, molecules of salt and water per HPC unit,

then at constant temperature and hydrostatic pressure the-Gibbs

Duhem equation is

dGype = —Ngdus — N, du,,

In terms of the reference solution and PEG piston,

ref ref -
us = and de, = duy, — 7, dllpeg

(A10)
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